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ABSTRACT 
MOLLY RIVERS EDMONDSON: Characterization of Epithelial Cadherin Domain 1 
(Under the direction of Dr. Susan Pedigo, PhD) 
 
Cadherins are a family of cell-surface glycoproteins that aid in cell adhesion 
between two proximal cells.  The characteristic cadherin extracellular structure consists 
of five ~100 amino acid domains connected by seven-residue linker regions.  Cadherins 
mediate adhesion via adherens junctions by forming a strand-swapped structure between 
identical protomers from apposing cells.  Upon calcium binding, the swapping of the N-
terminal strands between protomers allows for the symmetrical docking of a conserved 
tryptophan residue in the N-terminal strand into the hydrophobic pocket of its partner 
protomer.  The two most-well-studied members of the classical cadherin family are 
Neural- (N-) and Epithelial- (E-) cadherin.  Although these two proteins are very similar 
in sequence, structure and function, they display a striking difference in the calcium-
dependent kinetics of dimerization.  Given that the adhesive interface is in domain 1, we 
are investigating the difference between domains 1 of E-cadherin (ECAD1) and N-
cadherin (NCAD1).  Mouse ECAD1 was cloned by inserting a stop codon after the 
coding sequence for domain 1.  Recombinant protein was expressed in E.coli and purified 
using His-Tag chromatography.  Purity of the ECAD1 stock was assessed by SDS-
PAGE.  The stock was characterized spectrally using UV-vis and fluorescence 
spectroscopy, indicating that ECAD1 was folded.  Denaturant-induced unfolding studies 
indicated that ECAD1 was significantly lower in stability in comparison to NCAD1.  
 v 
Next the presence of dimer in stocks of ECAD1 and NCAD1 was assessed using Size 
Exclusion Chromatography (SEC).  NCAD1 formed a kinetically trapped dimer while 
ECAD1 was found to form monomer exclusively.  In summary, our results indicate that 
the difference in kinetics of dimerization may be due to a difference in the intrinsic 
stability of domain 1.  
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CHAPTER I: INTRODUCTION 
Cadherins are a family of cell surface glycoproteins that aid in cell adhesion 
between two proximal cells.  Cadherins are found in various types of cell-to-cell contacts 
such as in adherens junctions, desmosomes, and synapses1.  In our work, we are focusing 
on classical cadherins.  Classical cadherins are the primary transmembrane component of 
adheren junctions, cell-cell adhesions that link the actin cytoskeletons between adherent 
cells.  This connection between cells mediates important biological functions such as 
regulation of cell signaling2, 3, tissue morphogenesis4, and synaptogenesis5.  Given the 
essential role of classical cadherins in normal tissue function, a basic understanding of the 
molecular basis for their adhesive properties is critical for understanding physiology.  This 
thesis studies an important member of the classical cadherin family, epithelial- (E-) 
cadherin.  It is a necessary cell adhesion molecule that establishes the integrity of 
epithelial tissue as a barrier that is responsive to its environment (Figure 1A). 
Structurally, cadherins are composed of an intracellular cytoplasmic region, a 
transmembrane region, and an extracellular region all forming from a single 640 amino 
acid polypeptide (Figure 1B).  The extracellular region consists of five discretely folded 
modular domains.  Each of these domains is a seven-stranded beta barrel structure 
(Figure 1C).  Calcium binds to the interfaces between the modular extracellular domains 
and is essential for adhesion6.  The connection to the actin cytoskeleton occurs in the 
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cytoplasmic region; the C-terminal cytoplasmic region of cadherin is indirectly bound to 
the cytoskeleton via β- and α-catenin7.  
A	  
	  
B	  
	  C	  	  
	  
Figure 1: Schematics of Classical Cadherin structure and function.   
(A) Schematic of adhesive structures in Epithelial tissues.  Adheren junctions use E-cadherin as 
the transmembrane component, and form first during tissue morphogenesis.  (B) Schematic of 
regions of classical cadherins.  Five modular domains comprise the extracellular region, with 
EC1 being the furthest from the membrane. Blue circles denote calcium binding in the linker 
region between extracellular domains.  Also, shown is the transmembrane segment and the 
cytoplasmic domain.  (C) Seven-strand beta barrel folding topology of each extracellular 
module.   Prolines in position 5 and 6 are the break between the first and second halves of the A 
strand.  Acid residues are in the loops that connect the sheets and chelate calcium at the interface 
between domains.  The A strand, or the N-terminus strand, in the most distal EC domain (EC1) 
is swapped during dimerization. 
 
Much research has been focused on characterizing the mechanism of cadherin cell 
adhesion, and it is widely accepted that cell-adhesion occurs via trans-adhesive 
homodimerization in the ectodomain 1 (EC-1)8, 9.  The N- terminal strands, or the A 
strands, in EC-1 are swapped simultaneously between EC-1 domains from apposing 
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cadherins.  The key to dimerization is the hydrophobic, tryptophan residue (W2) located 
in the A strand10.  W2 inserts itself in the hydrophobic pocket of the partner protomer to 
form the adhesive dimer.  Dimerization is also supported by an ionic interaction between 
the N-terminus (positively charged) and the side chain of Glu89 (negatively charged; see 
Figure 2)8.  Furthermore, prolines in the fifth and sixth position within the EC-1 domain 
play an important role in dynamic exchange of the N-terminal strands11.  They moderate 
the affinity of the dimer by either stabilizing the monomer or destabilizing the strand-
swapped dimer.  The A strand is anchored at both ends: the N-terminus is anchored by 
the docked W2, and the other end is held in place by Glu11, a residue that binds two of 
the three calcium ions that bind to the linker region12.  Calcium also aids in the kinetics of 
dimerization by rigidifying the monomers, causing further strain in the closed monomers.  
This strain is relieved once dimerization occurs13.  Therefore, the closed monomer opens 
up to accept the tryptophan in the second position of the opposing monomer and the ionic 
interaction re-forms too. 
 
	  
Figure 2:  Schematic of calcium-induced dimer formation. 
Negatively charged E89 is represented the blue dot in EC1.  The N-terminus is denoted by a 
red dot.  W2 is located in the hydrophobic pocket.  Dark brown domains are under strain 
once calcium binds, and this strain is relieved once the strands swap.	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Epithelial (E-) cadherin is a type of classical cadherin found in epithelial cell 
comprising epithelial tissues.  E-cadherin has rapid kinetics for dimerization compared to 
neural (N-) cadherin14.  Recent crystallographic evidence and site-directed mutagenesis 
studies propose a low affinity, X-dimer intermediate to account for the fast dimerization 
and disassembly of E-cadherin15.  This transitional step brings the two adjacent closed 
monomers face-to-face before strand swapping occurs.  The face-to-face association of an 
intermediate phase supports why cadherin forms only dimer instead of a daisy-chained 
oligomer.  Furthermore, the X-dimer intermediate stabilizes the transition state between 
closed monomer and strand-swapped dimer by burying the W2 from the polar internal 
environment at the dimerization interface.  The unique florescence signal of W2 in the 
hydrophobic pocket confirms this phenomenon13; W2 is never exposed to solvent even 
though the A-strand has to exchange with W2 undocking from its pocket to form the 
strand-swapped dimer. 
The X-interface is held together by four primary noncovalent interactions, but 
recent studies have accredited the ionic interaction between K14 and D138 as the major 
driving force for X-dimerization (see Figure 3), and therefore rapid kinetics of strand 
exchange15-17.  Site-directed mutagenesis and crystal structure studies of a charge-change 
K14E mutant showed a profound effect upon the kinetics of assembly and disassembly.  
The wild type E-cadherin has been shown to have a 10,000 fold faster affinity than the 
K14E mutant18.  Unfortunately, the charge-change mutant has been the only test of the 
relevance of the X-dimer intermediate to fast dimerization in E-cadherin.  Questions 
remain as to why E-cadherin has rapid kinetics of assembly and disassembly, primarily 
due to the contrast with the kinetics of dimerization of N-cadherin.   
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Figure 3:  Schematic of the X-dimer in E-cadherin illustrated in the two domain 
construct.   
The face-to-face association of the apposing cadherins is demonstrated in the X-intermediate.  
X-dimerization requires residues from both EC1 and EC2, especially for the ionic interaction 
between K14 and D138.  Other interactions have been proposed for the X-dimer, but they not 
been proven to be sufficient or necessary.	  	  
 
The kinetics of dimerization for N-cadherin are strikingly different than those of 
E-cadherin14.  The dimerization equilibrium is very rapid for N-cadherin in the presence 
of calcium.  However, in the apo state, N-cadherin forms a kinetically trapped dimer, 
meaning that it is not in exchange with monomer.  N-cadherin does not have a crystal 
structure for an X-dimer intermediate like E-cadherin.  Furthermore, all four interactions 
responsible for the X-interface are absent in N-cadherin15.  Instead, there is an arginine in 
position 14 and a proline in position 138 in N-cadherin.  Recent studies from our 
laboratory have shown that the X-dimer intermediate, as defined for E-cadherin, is not 
relevant to its fast-exchange dimerization as seen for N-cadherin in the presence of 
calcium19.  We showed unambiguously that the R14E mutant yielded very slow 
dimerization kinetics, but it was due to the presence of Glu14 rather than the absence of 
R14.  We are left with the perplexing question of whether the X-dimer paradigm is 
actually relevant to E-cadherin.  The studies in this thesis address another possible reason 
that the calcium dependent exchange behavior is so different between E-and N-cadherin.  
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Are differences due to the general stability of the first domains that are actually 
participating in swapping over?   
 
 
Figure 4:  Thermal denaturation of the two domain constructs of N-cadherin (orange) 
and E-cadherin (blue).   
Two transitions are observed.  The first transition is the unfolding of EC2, and the second 
transition is the unfolding of EC1.  Both EC2 and EC1 transitional states are different between 
N- and E-cadherin.  	  
 
We have reasons to believe that there are fundamental differences in the EC1 
domains between N- and E-cadherin.  Studies focus on the two-domain construct (EC1-
EC2), the minimal functional subunit that can bind calcium and dimerize.  Thermal 
denaturation profiles of N- and E-cadherin show differences in the stability (see Figure 
4).  The first transition of unfolding denotes the unfolding of the second domain, and the 
second transition represents the unfolding of the first domain.  Domain 2 of N-cadherin is 
more stable than E-cadherin (compare the midpoints of the first denaturation transition in 
Figure 4)20, 21.  Comparison of the second transitions shows that the E-cadherin transition 
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is steeper, meaning the transition of unfolding for EC1 in E-cadherin is more cooperative 
than seen for EC1 of N-cadherin.  These studies of the two-domain construct illustrate 
that there is some underlying difference between EC1 of N- and E-cadherin.  The studies 
reported in this thesis are the first studies of isolated EC1 domain of E-cadherin 
(ECAD1).  A comparative study between EC1 constructs of E- and N- cadherin will be 
helpful for determining the fundamental differences between the two cadherins.  This 
thesis will focus on the expression, purification and basic characterization of EC1 of E-
cadherin.  Figure 5 is a schematic of the protein studies herein.  
A
	  	  
B
	  
Figure 5:  Schematic of the E-
cadherin constructs.   
(A) Drawing of the two-domain 
construct containing EC domains 
1 and 2 (219 amino acids; 
ECAD12).  The two domain 
construct has an intact calcium 
binding pocket and is known to 
form calcium-dependent dimers.  
(B) Drawing of the isolated EC1 
construct of E-cadherin.  EC1 is 
100 amino acids with two 
tryptophan residues, W2 and 
W59.  Pictured are W2 in its 
hydrophobic pocket and the ionic 
interactions between E89 and the 
N-terminus.	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CHAPTER II: MATERIALS & METHODS 
A) Site-Directed Mutagenesis:  
In the ninth position within the EC1 of E-cadherin is cysteine, introducing the 
possibility of a covalent, disulfide linkage to another EC1 monomer.  To preclude this 
possibility in the studies reported here, C9 was mutated to Alanine (C9A).  This mutation 
allows us to monitor dimer formation that is not from a trivial origin, the formation of a 
non-native disulfide linkage.  Therefore, studies of the mutant of ECAD1 C9A will be 
useful for determining the ability of the first domain alone to create the strand-swapped 
dimer.  To create the coding sequence for only EC1, we used site-directed mutagenesis to 
introduce a stop codon into an existing recombinant plasmid containing the gene for 
mouse ECAD12-C9A controlled by an inducible promoter.  The expression vector was 
pET30 Xa/LIC.  The stop codon was a point mutation introduced at the end of the 
ECAD1 C9A coding region by site-directed mutagenesis by using the Quickchange kit 
(Stratagene) with self-complementary primers, utilizing DNA Polymerase (Stratagene).  
The expression cell line was BL21(DE3).  
 
B) Protein Expression 
In order to express the protein, sterile LB agar plates with Kanamycin (Kan) were 
prepared following standard protocols.  Once cooled, the edges of the plates were sealed 
with parafilm and placed in the refrigerator until needed.  Liquid LB media was also 
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prepared in 50 and 750 mL volumes.  The LB-agar culture was streaked with glycerol 
cell stocks transformed with the pET30-ECAD1-C9A plasmid and grown overnight in an 
incubator at 37°C.  On the following day, one colony from the plate was used to inoculate 
the 50 mL LB-Kan liquid culture.  This culture was grown overnight at 37°C and is 
known as the overnight culture.   
To overexpress the protein in the large culture flasks, 15 mL of 20% glucose, 37.5 
mL of 1M-potassium phosphate, 5 mL of overnight culture, and 400 µL of Kan was 
added to each of the 750 mL liquid cultures.  These cultures were placed in a shaker at 
37°C and 200 rpm for three hours.  Light scattering at 600 nm was checked every fifteen 
minutes once until it equaled 0.6 AU, which represents an optimum amount of bacteria in 
a logarithmic growth phase.  The large cultures were then induced with 0.4 M final 
concentration of Isopropyl β-D-1-thiogalactopyranoside (IPTG), which de-repressed the 
lac operator and allowed for transcription of the ECAD1 C9A gene.  After induction, the 
cultures grew for two hours at 37°C and 200 rpm before harvesting the cells by 
centrifugation (3000 rpm for 15 minutes at 4°C).  We decanted the supernatant, and kept 
the pellet.  The cells in the pellet were re-suspended in 10 mL of 20 mM HEPES, 100 
mM KCl, pH 7.4 buffer.  The resuspended cells were frozen at -20°C. 
 
C) Protein Purification  
Sonication was the first step of protein purification.  Sonication lyses the cells, 
and the protein is now released in the mixture.  The lysate was centrifuged at 13,000 rpm 
and 4°C for 45 minutes in order to pellet the inclusion bodies that contain the expressed 
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protein.  Unfortunately cadherin constructs that contain EC1 are typically insoluble and 
are found in the inclusion body fraction. 
The following steps further purified the protein by washing the pellet with triton-
X to remove lipid soluble components.  A solution of 15 mL of 10% triton-x was added 
to the pellet.  The mixture was allowed to sit at room temperature for 10 minutes, then 
was stirred until the mixture was homogeneous.  The 10% triton-x solution was 
centrifuged at 13,000 rpm and 4°C for 20 minutes.  Once again, we decanted and saved 
the supernatant.  We suspend the pellet in 15 mL of 1% triton-x and incubated at room 
temperature for 10 minutes.  Then the pellet was fully dissolved.  The 1% triton-x 
mixture was centrifuged again at 13,000 rpm and 4°C for 20 minutes.  Once again the 1% 
triton-x solution was centrifuged at 13,000 rpm and 4°C for 20 minutes.  After this step, 
the supernatant was decanted and saved.  Next, the pellet was dissolved in 15 mL of His-
Tag binding buffer with 6M urea to solubilize the denatured protein found in the pellet.  
The pellet in urea with a stir bar was placed in the refrigerator and mixed overnight.  An 
SDS-polyacrylamide (SDS-Page) gel was run on the supernatant and pellet samples taken 
to confirm that the protein was primarily in the pellet fraction during the purification 
process (Figure 6).  Since cadherin is an insoluble protein, we expect protein to be 
present in the pellet fractions.   However, there is a significant level of recombinant 
protein that appears in the supernatant fractions in Figure 6.  This indicates that although 
most of the protein eluted in the pellet (insoluble), the insoluble protein was easily 
dissolved in the triton-x solutions.   
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Figure 6A: SDS-PAGE gel on purification 
with triton-X. 
An SDS-PAGE gel was run with Fisher’s EZ-
Run Protein Marker standard, which is a 
mixture of seven purified proteins. The 
following lanes (left to right) are as follows: 
Standard, Pre-Induction, Post-Induction, 
Whole Cell, Supe 2, Pellet 2, Supe 3, and 
Pellet 3.  The gel was stained with Coomassie 
Brilliant Blue R-250. 
	  
Figure 6B: SDS-PAGE gel on purification 
with triton-X. 
This SDS-PAGE gel was run on Supe 4, 
Pellet 4, Supe 5, Pellet 5, and another lane of 
Fisher’s EZ-Run Protein Marker. 	  
 
His-tag chromatography further purified the protein.  After column equilibration, 
the protein sample was loaded onto the column, and impurities eluted while the desired 
protein remained in the column.  The column was equilibrated with His-tag binding 
buffer (low imidazole level) in order to make sure the protein adsorbed to the column.  
Washing buffer (intermediate imidazole level) was added to remove impurities with 
moderate affinity for the column.  Finally, elution buffer (very high level of imidazole) 
was used to elute the desired protein.  In order to determine which His tag fraction 
contained the protein, the absorbance for each elution fraction was checked and was 
blanked against the His-tag elution buffer with 6M urea.  An ultraviolet (UV) scan was 
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acquired on a Cary 50 Bio UV-vis spectrophotometer in order to determine the fraction 
concentrations using a 1 cm quartz cuvette (Figure 7).  
	  
Figure 7: UV spectroscopy of His-Tag elution buffer fraction. 
His-Tag elution buffer (EB) fractions were analyzed with UV spectroscopy to determine which 
fractions have adequate amounts of protein.  Protein has an absorbance signal at 280 nm, and 
the higher the signal corresponds with a higher protein concentration.  The second elution 
(EB2) had the highest levels of protein.  The first elution fraction did not appear to have protein 
in it.	  
 
After the running UV spectroscopy to determine what fractions had protein, 
fractions were combined and frozen.  Once thawed, it was discovered that the fractions 
containing ECAD1 C9A were especially cloudy due to protein precipitation.  Therefore, 
we had to alter the standard protein purification protocol to resolublize the precipitated 
protein.  We added urea to the combined fractions (5.4 M final concentration), and the 
protein was still not in solution.  So, we added 2 M guanidine HCl, a second denaturant, 
which worked to solubilize the precipitated protein.  The protein solution had 
approximately doubled in volume over the course of the denaturant additions, so we first 
spun the protein at 13000 rpm in the Sorval centrifuge to remove any remaining 
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precipitate, and then concentrated the protein solution to 35 mL by volume using a 
10,000 MWCO spin concentrator.  Next, we dialyzed away the denaturant and replaced 
the buffer system with digestion buffer (50 mM Tris/HCl, 100 mM NaCl, 5 mM CaCl2, 1 
mM DTT, pH 7.4).  Approximately 37 mL of protein solution was recovered, and it 
appeared to be clear.  After centrifugation for 15 minutes, we observed to very little 
precipitant in the protein solution.  Subsequently the protein concentration was 
determined to be approximately 26 µM using UV spectroscopy.  The absorbance at 280 
(A280) was 0.3767.  Dividing the absorbance by an extinction coefficient of 15,340 M-
1cm-1 gave a protein concentration of 26 µM.  
Now the procedure continued with standard protein purification protocol with a 
trypsin digest.  Trypsin cleaves protein at the carboxyl end of lysine or arginine, and 
typsin’s endoprotease activity was used to remove the His-tags.  Before running a full 
digest, a trial digest was done at different time increments to determine the optimum 
digestion time.  In each microfuge tube, a combination of 10 µL of trypsin and 26 µL of 
protein was used to test internal cleavage over 15, 30, 45, and 60 minute intervals 
(Figure 8).  Once the correct time was determined, the remaining protein was digested 
using a 2:5 ratio of trypsin to protein.  For ECAD1 C9A, the optimum time was 30 
minutes.  The protein was digested in three separate containers due to the volume of the 
protein to be digested.  After examining gel samples, no internal cleavage was observed.  
Therefore, all three fractions could be combined.   
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Figure 8: SDS-PAGE trypsin digestion trials. 
An SDS-PAGE gel was run in order to determine 
optimum digestion time.  5 µL of Fisher’s EZ Run 
standard was loaded in to the first lane.  The 
following lanes were 15, 30, 45, and 60 minute 
digestion trials.  No internal cleavage was 
observed.  The bands at the bottom of the gel are 
likely the 45 amino acid fusion that was cleaved 
by in the trypsin digest. 
 
After digestion, the protein was dialyzed in SEC buffer (10 mM HEPES, 140 mM 
NaCl, pH 7.4) with the buffer being changed every 2 hours.  Equilibrium is reached 
between the buffer solutions, and it is important to replace the buffer solution in order to 
allow impurities to be dialyzed out.  After dialysis, the protein concentration was 
determined by checking the absorbance in UV spectroscopy.  Finally, the protein was 
aliquoted into twelve microfuge tubes and frozen for the remainder of experiments.  Each 
aliquot contained 1 mL of the 26µM protein.  Additional proteins used the remainder of 
experiments were made in-house following a similar protocol.  Additional stock 
concentrations used throughout were 27 µM for ECAD12, 75 µM for NCAD12, and 85 
µM for NCAD1.  
 
D) Circular Dichroism (CD) Spectroscopy 
CD spectroscopy shows the difference in absorptivity of left-handed verses right-
handed polarized light as a function of wavelength.  In order to be analyzed with CD 
spectroscopy, the substance must be chiral in order to have different left and right-handed 
absorptivites.  Cadherin is a chiral molecule for two reasons: α- carbon in amino acids is 
chiral (except for Glycine) and peptide bonds have double bond character and are usually 
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in the trans- configuration, and therefore, chiral.  The difference in absorption of left and 
right polarized light in the region in which peptide bonds absorb light conveys the 
protein’s secondary structure.  Cadherins’ secondary structure is mostly β-sheets, which 
has a negative signal at approximately 218 nm.   
Proper folding of E-cadherin domain 1 was determined with CD spectroscopy.  
The sample was made with 2.5 µM of the protein.  The solution was placed in a 0.5 mm 
pathlength quartz cuvette in the AVIV 202SF circular dichroism spectrometer with CDS 
3.02A software made by AVIV Biomedical, Inc.  The scan began at 300 nm and ended at 
200 nm with data points taken every 1 nm with a 5 second averaging time.  The 
temperature was held constant at 25°C.  
 
E) Fluorescence Spectroscopy 
Fluorescence Spectroscopy is a type of electromagnetic spectroscopy that 
analyzes the florescence from a sample.  Typically light, such as ultraviolet, excites the 
electrons of the analyte molecule from the ground state to an excited state.  The primary 
states analyzed are the electronic and vibrational states.  To be excited, the sample 
absorbs a photon.  The sample goes back to the ground state once it emits the photon.  
The change of ground to excited and back to ground states has different partition states; 
therefore, the frequencies can analyze the folded structure.  Aromatic amino acids have 
an intrinsic florescence, with tryptophan having a much stronger absorbance at 290 nm 
and a florescence emission signal at wavelengths from 300 to 400 nm.  The actual 
wavelength of maximum fluorescence emission depends upon the solvent exposure of the 
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tryptophan.  Therefore, the tryptophan signal will convey if the protein is folded 
correctly.  
The intrinsic tryptophan florescence emission spectrum was evaluated by Photon 
Technology International florescence machine (PTI) equipped with an A1010B arc lamp 
and Felix 3.2 software.  Excitation was set at 292 nm, which is the optimum excitation 
for tryptophan that minimizes direct excitation of tyrosine (which is excited at 280 nm).  
Emission wavelength ranged from 300 nm to 420 nm.  The scan step size was 1 nm, and 
the integration and averaging time was set to 1 second with the polarizer angle at 54.7°.  
Scans were made at 25°C. 
 
F) Unfolding Studies: Dimethyl Urea (DMU) Denaturation Monitored by 
Florescence  
A dimethyl urea denaturant study using tryptophan fluorescence is useful for 
examining the unfolding of protein as a function of the level of denaturant.  As the 
protein denatures, more of the hydrophobic, internal structure is exposed to solvent.  As 
tryptophan becomes exposed to solvent, the florescence signal wavelength shifts to the 
right (red shift).  The DMU stock concentration used was 8.5M.  The DMU concentration 
for each ECAD1 sample was increased from 0 to 7.5 M with 0.5 M increments in 
concentration by mixing SEC buffer with the concentrated DMU stock.  The ECAD12, 
NCAD12, ECAD1 C9A, and NCAD1 concentrations for each remained constant at 2.5 
µM, and the total volume for each sample was 125 µL. Each sample’s spectrum was taken 
with PTI and excited at 292 nm.  The emission scan ranged from 300 nm to 420 nm, and 
the polarizer angle was set to 54.7°.  Temperature was held constant at 25°C.   
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G) Unfolding Studies: Guanidine HCl (Gdn) Denaturation Monitored by 
Florescence 
 Guanidine HCl was used as a second denaturant as a comparison study with the 
DMU denaturation.  The stock concentration for Gdn was 8M.  The ECAD1 
concentration was 2.5µM.  The Gdn concentration for the samples varied from 0M to 8M.  
Each sample was taken in the PTI with excitation at 292 nm and an emission scan from 
300 nm to 420 nm.  The polarizer angle was set at 54.7°.  Temperature was held constant 
at 25°C.  Similar studies with ECAD12, NCAD12, and NCAD1 were done to compare 
with ECAD1.  
 
H) Unfolding Studies: Temperature Denaturation Monitored by CD 
  Temperature denaturations are useful for characterization of proteins.  Each 
domain of a protein will have a distinct transition from native to unfolded construct. It is 
possible for the wild types to be compared with the single domain constructs of both N- 
cadherin and E-cadherin.  Temperature denaturations were previously done in our lab on 
the wild type epithelial (ECAD12) and wild type neural (NCAD12) cadherin in the AVIV 
202SF circular dichroism spectrometer. The temperature ramp rate was 1°C/minute with 
data taken at every degree with a 5 second acquisition time between readings.  The 
temperature readings ranged from 20°C to 90°C.   Samples were placed in a quartz 
cuvette with a 1 cm pathlength, and the cuvette also had a fitted lid to prevent the sample 
from evaporation at high temperatures.  The temperature probe was then placed in the lid.   
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I) Analytical Size-Exclusion Chromatography (SEC) 
 Analytical SEC was used to assess the size and possible dimerization states of the 
protein constructs.  The experiments were performed with an AKTA Purifier HPLC (GE 
Life Sciences) with a Superose-12 10/300 GL column (GE Life Sciences) with detection 
at 280 nm and a 0.5 mL per minute flow rate.  The column volume was approximately 25 
mL.  Approximately 50µL of protein was loaded on to the column.  The elution stream 
was monitored at 280 nm to detect protein.     
 
J) Analysis of Data: Chemical Denaturations (DMU and Gdn) 
For the chemical denaturation unfolding studies, the free energy, ΔG, is conveyed 
by:  𝛥𝐺! = 𝛥𝐺°! −𝑚![𝐷]  (Equation 1) 
ΔG°u represents the free energy of protein in absence of denaturant, and mg is the 
sensitivity of the protein to denaturant22.  Using IGOR Pro, data were plotted based on 
the center of mass wavelength versus the concentrations of denaturants.  Center of mass, 
rather than maximum wavelength, is a more accurate indication of the shape of the data.  
The center of mass represents the weight average wavelength.  The maximum value for 
the emission does not represent the symmetry of the emission spectrum and will reflect 
noise in the signal.  As the center of mass shifts to longer wavelength (red shift), the more 
exposed is the tryptophan.  Some slopes were fixed to ensure best fit to model.  Standard 
deviation was based upon how it differed from the model.  Additionally, baselines for 
some DMU data were fixed to average wavelength from multiple runs to ensure best fit 
to the model. 
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K) Analysis of Data: Temperature Denaturation  
All data was analyzed with IGOR Pro software and Microsoft Excel Version 
14.1.0. Thermal denaturations monitored by CD were fit to a two-state unfolding model 
represented by a reversible native to unfolded protein construct.  
Native               Unfolded           (Equation 2) 
The equilibrium constant, K, is determined by a ratio of the unfolded (U) state to native 
(N) state.  𝐾 = 𝑈 𝑁                     (Equation 3) 
 The mole fraction of the unfolded species is given by:  𝑓! = !!!!                 𝐾 = 𝑒!!"!/!"        (Equation 4) 
The correlation between free energy change and melting temperature is known by:  𝛥𝐺! = 𝛥𝐻! 1− !!!   + 𝛥𝐶!(𝑇 − 𝑇! − 𝑇𝑙𝑛 !!!  )              (Equation 5) 
ΔHm is the enthalpy of unfolding at the melting temperature (Tm), and ΔCp is the 
corresponding heat capacity at the melting temperature.       
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CHAPTER III: RESULTS 
 
 Following protein purification, scans were first performed on ECAD1C9A to 
confirm proper folding by CD and florescence spectroscopy.  Then experiments were 
completed to analyze global stability for ECAD1, NCAD1, ECAD12, and NCAD12, 
utilizing florescence spectroscopy.  Stability studies were performed with two different 
chemical denaturants, dimethyl urea and guanidine.  In addition to chemical 
denaturations, stability for ECAD12 and NCAD12 was further examined by thermal 
denaturations as monitored by CD spectroscopy.  The dimerization for the four protein 
constructs was analyzed by utilization of Size Exclusion Chromatography.  The results of 
stability studies were then used to explain the results of dimerization findings.    
CD scans performed on ECAD1C9A were all very noisy due to precipitation; 
however scans did show a minimum at 218 nm, which is consistent with a β sheet 
structure (Figure 9).  Florescence scans confirmed proper folding by analyzing 
tryptophan.  E-cadherin has two tryptophans in the first domain; whereas N-cadherin has 
one tryptophan in the first domain and one in the second domain.  W2 is conserved for 
both E-cadherin and N-cadherin.  For both constructs, W2 is expected to be buried in its 
hydrophobic pocket, and it should have a strong florescence signal at approximately 323 
nm.  ECAD1C9A’s second tryptophan is W59, which is expected to be partially buried 
and have a signal at approximately 340 nm (red shift compared to W2’s wavelength).  
The maximum wavelength in an emission scan of ECAD1C9A is 334 nm, which conveys 
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there is an average signal present of both tryptophans (Figure 10).  If the protein were 
unfolded, then the maximum wavelength of the emission scan would be 345 nm or 
greater. 
	  
Figure	  9:	  CD	  Spectroscopy	  of	  
ECAD1.	  
	  ECAD1	  precipitated	  in	  the	  CD	  machine.	  	  The	  basic	  outline	  of	  a	  B	  sheet	  was	  observed	  with	  the	  minimum	  at	  218	  nm;	  however,	  the	  data	  is	  very	  noisy	  due	  to	  precipitation.	  
 
	  
Figure	  10:	  Fluorescence	  
Emission	  Scan	  of	  ECAD1C9A.	  
	  The	  emission	  scan	  at	  295	  nm	  of	  ECAD1C9A	  conveys	  a	  properly	  folded	  structure	  with	  a	  maximum	  signal	  at	  334	  nm	  wavelength.	  	  	  
  
A denaturant study on the four protein constructs is useful for determining 
the difference of free energies for unfolding.  The first denaturant used was 
dimethyl urea (DMU).  As the concentration of DMU increased, the fraction of 
native protein decreased as witnessed by the increase in the center of mass of the 
fluorescence emission signal.  DMU is a chaotropic agent, which is a substance 
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that rearranges water molecules by breaking non-covalent bonds so that the 
substrate’s hydrophobic core becomes exposed.  In these denaturant-induced 
unfolding studies, the center of mass of the fluorescence spectrum is plotted 
versus the concentration of denaturant.  As seen in Figure 11, the wavelength 
increases (red shifts) as the protein unfolds and exposes the tryptophan residues.   
Since DMU is a weak denaturant, denaturation profiles are all very subtle 
without a clear transition points and distinct baselines; however, the general 
sigmoidal curve of protein changing conformations of native to unfolded states is 
still observed.  The first domain of E-cadherin is completely unfolded by 6 M 
concentration of DMU (Figure 11A).  Also ECAD1 has a lower free energy 
(ΔGu) of ~1.5 kcal/mol compared to NCAD1’s ΔGu of ~ 2.3 kcal/mol (Figure 
11B) indicating that ECAD1 is less stable than NCAD1.  The EC1 construct of E-
cadherin closely matches the unfolding profile of the EC12 construct (ECAD12), 
and the ΔGu standard deviation of both constructs overlaps (Figure 11C).  
According to these results, it could be hypothesized that domain 2 must not 
interact with domain 1 in a way that changes E-cadherin’s overall stability.  The 
first domain’s profile was expected to match its wild type due to the only presence 
of tryptophan in the first domain in E-cadherin alone so one could argue that the 
close agreement between ECAD1 and ECAD12 unfolding is because the 
spectroscopic reporter is in EC1 only.  Next we found that the ΔGu of NCAD1 
was greater than the free energy of unfolding of NCAD12 by ~ 0.6 kcal/mol 
(Figure 11D).  Based on the uncertainties in the unfolded baselines, ΔGu is likely 
not significantly different between the one and two domain constructs of NCAD.  
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It is important to note that there is one tryprophan in EC1 and one in EC2 of 
NCAD12.  Since NCAD2 is less stable than NCAD1, we would have expected 
that the apparent stability of the NCAD12 construct should be weaker rather than 
stronger than NCAD1.  This implies that the presence of domain 2 stabilizes 
NCAD1 even though it unfolds first.  In summary, based upon DMU 
denaturations, it can be concluded that NCAD1 is much more stable in the 
presence of the denaturant than ECAD1.  This result is consistent with the thermal 
denaturation studies reported subsequently. 	  
	  	  
Figure	  11A:	  DMU	  
denaturation	  on	  
ECAD1C9A.	  
	  Representative	  data	  set	  for	  DMU	  denaturation	  of	  EC1.	  Global	  analysis	  of	  two	  data	  sets	  yielded	  a	  
ΔGu equal	  to	  1.5	  ±	  0.2	  kcal/mol	  and	  an	  mg	  equal	  to	  0.42	  ±	  0.06	  nm/M.	  	  Endpoints	  were	  allowed	  to	  vary	  and	  slopes	  were	  fixed	  to	  0.	  	  	  	  
	  
Figure	  11B:	  DMU	  
denaturation	  on	  
NCAD1.	  
	  The	  first	  domain	  of	  N-­‐cadherin	  has	  a	  ΔGu	  equal	  to	  2.3	  ±	  0.3	  kcal/mol	  with	  an	  mg	  equal	  to	  0.41	  ±	  0.06	  kcal/mol.	  The	  denatured	  endpoint	  signal	  was	  fixed	  to	  a	  value	  of	  351.5nm.	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Figure	  11C:	  DMU	  
denaturation	  on	  
ECAD12.	  
	  E-­‐cadherin’s	  wild	  type	  has	  a	  ΔGu	  equal	  to	  1.2	  ±	  0.4	  kcal/mol	  with	  an	  mg	  equal	  to	  0.31	  ±	  0.09	  kcal/mol.	  	  Endpoints	  were	  allowed	  to	  vary	  and	  slopes	  were	  fixed	  to	  0.	  
	  
	  
Figure	  11D:	  DMU	  
denaturation	  on	  
NCAD12.	  
	  N-­‐cadherin’s	  wild	  type	  has	  a	  ΔGu	  of	  1.7	  ±	  0.5	  kcal/mol	  and	  an	  mg	  equal	  to	  0.34	  ±	  0.08	  kcal/mol.	  	  The	  denatured	  endpoint	  signal	  was	  fixed	  to	  a	  value	  of	  358	  nm.	  	  	  
	  
     
Another chemical denaturation study was performed on all four protein constructs 
(ECAD1, NCAD1, ECAD12, and NCAD12) with guanidine HCl (Gdn).  Gdn is a much 
stronger denaturant than DMU and it is positively charged, and thus it is considered a 
stronger chaotropic agent.  Due to the strong denaturant, all four protein constructs 
unfolded at a lower concentration of Gdn compared to DMU.  Again, it was observed that 
ECAD1 is less stable than NCAD1, which is consistent with data from DMU unfolding 
studies (Figure 12A; 12B).  ECAD1 is unfolded by 2 M Gdn concentration, whereas 
unfolding with DMU was much more gradual, unfolding entirely by ~ 6 M.  Gdn studies 
had distinct baselines and transition points.  Contrary to the DMU results, ECAD12 did 
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not match the denaturation profile of ECAD1.  ECAD12 has a ΔGu value of ~ 4.1 
kcal/mol higher than the isolated domain 1 of E-cadherin (Figure 12C).  According to 
these results, it would appear than the second domain of E-cadherin has a significant 
stabilizing effect upon the first domain as reflection of the increased value of ΔGu.  It is 
likely that this difference with the DMU results indicate an effect of the increased ionic 
strength in the Gdn denaturation experiments.  NCAD12 has a lower ΔGu than NCAD1 
by ~ 2.5 kcal/mol (Figure 12D).  Thus, the EC2 of N-cadherin has destabilizing effect on 
stability of EC1.  In contrast, denaturation of E-cadherin by Gdn leads to EC2 stabilizing 
EC1, the opposite trend of N-cadherin.  We had predicted that EC2 would not affect the 
stability of EC1 because EC2 should unfold before EC1.  The difference in the effect 
could be differences in the charges on EC1 relative to EC2 for N- and E-cadherin and the 
fact that Gdn HCl is an ionic salt.  
	  
Figure	  12A:	  Gdn	  
Denaturation	  of	  
ECAD1C9A.	  
	  The	  first	  domain	  of	  E-­‐cadherin	  has	  a ΔGu of	  2.7	  ±	  0.4	  kcal/mol	  and	  an	  mg	  of	  2.1	  ±	  0.3	  kcal/mol.	  Endpoints	  were	  allowed	  to	  vary	  and	  slopes	  were	  fixed	  to	  0.	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Figure	  12B:	  Gdn	  
Denaturation	  of	  
NCAD1.	  
	  The	  first	  domain	  of	  N-­‐cadherin	  has	  a	  ΔGu	  of	  7	  ±	  1	  kcal/mol	  and	  an	  mg	  of	  2.5	  ±	  0.3	  kcal/mol.	  	  Endpoints	  were	  allowed	  to	  vary	  and	  slopes	  were	  fixed	  to	  0.	  	  	  	  
	  
Figure	  12C:	  Gdn	  
Denaturation	  of	  
ECAD12.	  
	  ECAD12	  has	  a	  ΔGu	  equal	  to	  6.8	  ±	  1.5	  kcal/mol	  and	  an	  mg	  equal	  to	  3.2	  ±	  0.7	  kcal/mol.	  	  Endpoints	  were	  allowed	  to	  vary	  and	  slopes	  were	  fixed	  to	  0.	  	  	  	  	  
	  
Figure	  12D:	  Gdn	  
Denaturation	  of	  
NCAD12.	  
	  NCAD12	  has	  a	  ΔGu	  equal	  to	  4.5	  ±	  0.7	  kcal/mol	  and	  an	  mg	  equal	  to	  2.5	  ±	  0.3	  kcal/mol.	  	  Endpoints	  were	  allowed	  to	  vary	  and	  slopes	  were	  fixed	  to	  0.	  	  	  	  	  	  
  
Temperature denaturation experiments were performed in the CD spectrometer on 
the two domain constructs.  The second transition marking the unfolding of domain 1 was 
fit to the Gibbs Helmholtz equation.  Resolved parameters were used to calculate ΔGu of 
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which was then compared to our results from chemical denaturation studies.  The ΔGu for 
the first domain of E-cadherin from thermal denaturation studies of ECAD12 was 
calculated to be ~1 kcal/mol, and the ΔGu for the first domain of N-cadherin was 
calculated to be ~1.2 kcal/mol.  The ΔGu of ECAD1 matched remarkably well with the 
results of chemical denaturations (Table 1).  ECAD12’s unfolding of the first domains 
has more distinct baselines and transition points than NCAD12.  Problems arose when 
fitting NCAD12 to the standard parameters of an ideal sigmoidal curve, and the first 
domain did not appear to have a clear transition of native to unfolded structure, based 
upon the high standard deviation.  It appears that N-cadherin did not fit the two state 
cooperative unfolding model.  ECAD12 is less stable than NCAD12 because it is 
completely unfolded at a lower temperature at ~68°C; whereas, NCAD12 has a Tm of 
~73°C (Figure 13).   
	  
Figure 13: Second 
Transition Temperature 
Denaturation of ECAD12 
and NCAD12. 
ECAD12’s unfolding of the 
first domain has a ΔGu of 
1.0 kcal/mol, and a melting 
temperature (Tm) of 68 ± 3° 
C.  NCAD12’s unfolding of 
its first domain has an 
approximate ΔGu of 1.2 
kcal/mol, and a Tm of 73.0 
± 7.7°C.  The unfolded 
baseline was fixed to 0 for 
both.	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Table 1: ΔGu Values from Denaturation Studiesa 
 ECAD1 NCAD1 ECAD12 NCAD12 
DMU  1.5± 0.2 2.3 ± 0.3 1.2 ± 0.4 1.7 ± 0.5 
Gdn  2.7 ± 0.4 7 ± 1 6.8 ± 1.5 4.5 ± 0.7 
Thermal  1.0 1.2    
a      Values are in kcal/mol 
Analytical SEC data conveys the dimerization differences between the four 
protein constructs.  In the two domain construct, ECAD12 is in fast exchange between 
monomer and dimer regardless of the presence of calcium as witnessed by a single peak 
in SEC (Figure 14A upper panel).  This fast exchange has previously been accredited to 
the formation of the X-dimer intermediate, which serves to orient the protomers thereby 
facilitating strand exchange.  Previous studies on the two domain construct of N-cadherin 
have found slow exchange in the absence of calcium (Figure 14A lower panel).  Since 
the X-dimer intermediate must take a different form in N-cadherin, the mechanism of 
dimerization for N-cadherin has yet to be identified.  As can be seen in the figure, the 
lower concentration of N-cadherin yielded less dimer than higher concentrations.   
Analytical SEC was also used on the single domain constructs for N-cadherin and 
E-cadherin.  The profile of the single domain construct of E-cadherin matched well with 
that of the two-domain construct.  It is difficult to determine if ECAD1 is found 
exclusively in monomer or fast exchange monomer to dimer.  We have no reason to 
believe it forms dimer exclusively (Figure 14B).  However, NCAD1’s results were not 
expected.  The ability of NCAD1 to primarily be in dimer without a binding site for 
calcium was unexpected (Figure 14C).  NCAD1 mirrors the behavior of NCAD12 
because it forms a kinetically-trapped dimer.  The structural basis for dimer formation in 
EC1 constructs is unknown.  
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Figure	  14A:	  Analytical	  SEC	  data	  
of	  ECAD12	  and	  NCAD12.	  	  	  	  	  	  	  Analytical	  SEC	  data	  of	  the	  wild	  types	  illustrates	  the	  difference	  in	  dimerization	  kinetics	  between	  NCAD12	  and	  ECAD12.	  	  	  	  	  	  ECAD12	  is	  in	  fast	  exchange	  between	  monomer	  and	  dimer.	  	  The	  dashed	  lines	  represent	  a	  lower	  protein	  concentration	  by	  five	  fold.	  	  The	  lower	  concentration	  displayed	  a	  greater	  elution	  volume.	  	  	  	  Apo-­‐NCAD12	  is	  in	  a	  much	  slower	  exchange	  of	  monomer	  to	  dimer.	  	  The	  dashed	  lines	  represent	  lower	  protein	  concentration	  by	  five	  fold.	  	  The	  lower	  concentration	  of	  NCAD12	  yields	  less	  dimer.	  	  	  
 
	  
Figure	  14B:	  Analytical	  SEC	  data	  
of	  ECAD1C9A.	  	  Analytical	  SEC	  data	  of	  ECAD1C9A	  illustrates	  the	  dimerization	  state	  of	  the	  single	  domain	  construct.	  	  We	  believe	  this	  to	  be	  spectra	  of	  primarily	  monomer.	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Figure	  14C:	  Analytical	  SEC	  data	  
of	  NCAD1.	  	  The	  dimerization	  state	  of	  NCAD1	  is	  found	  to	  be	  in	  a	  slow	  monomer	  to	  dimer	  exchange.	  	  Approximately,	  65%	  of	  the	  NCAD1	  sample	  was	  in	  dimer.	  	  The	  high	  portion	  of	  dimer	  was	  unexpected	  due	  to	  the	  lack	  of	  the	  linker	  region	  for	  calcium	  to	  bind	  to	  in	  the	  one	  domain	  construct.	  	  However,	  NCAD1	  was	  able	  to	  make	  dimer.	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CHAPTER IV: DISCUSSION  
 
 E- and N-cadherins are the two most well studied members of the classical 
cadherin family.  While they are similar in primary, secondary, and tertiary structure, 
they differ by a factor of 4 in the strength of the adhesive dimer23 and in the calcium-
dependent kinetics of exchange between the monomeric and dimeric forms14.  Since EC1 
is the site of the adhesive interface and the critical noncovalent interactions between 
domains all lie in EC1, our interest is in characterizing this N-terminal module of the 
ectodomain of N- and E-cadherin.  This study aimed to characterize the differences in 
stability and dimerization between EC1s of E- and N-cadherin.   
The main goal of denaturation studies was to assess whether we could detect a 
difference in the global stability of EC1s of E- and N-cadherin.  Generally in our 
laboratory, we employ thermal denaturation to study the global stability of protein 
constructs.  Unfortunately, ECAD1 denatured and precipitated as the temperature was 
increased.  Thus, we turned our attention to chemical denaturation as a way to keep the 
protein in solution as it unfolded.  Chemical denaturant studies showed that stability 
differed between the constructs and that estimates of stability depended upon the type of 
denaturant employed.  ECAD1’s ΔGu obtained by denaturant studies coincided well and 
confirmed our results.  However, NCAD1’s denaturation profiles obtained from chemical 
and temperature denaturations varied from one another.  Unambiguously, it can be 
concluded that ECAD1 is a more unstable protein compared to NCAD1.  
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The difference in DMU and Gdn chemical denaturation studies can be attributed 
to a difference in the charge on the denaturant.  Gdn is a positively charged ion, whereas 
DMU is a neutral weak denaturant.  The positive charge of Gdn may interact favorably 
with the anionic cadherin constructs (pIs ~ 4.5).  Unfortunately since DMU is a weaker 
denaturant, DMU denaturation data possessed a poorly resolved unfolding baseline.  
In thermal denaturation studies, we were not able to effectively study ECAD1 due 
to precipitate formation.  ECAD1 demonstrated strong temperature dependence with a 
very narrow window for effective analytical studies.  As reported in the Material and 
Methods chapter, ECAD1 had low solubility in chilled solutions, as it did in heated 
solutions.  Thermal denaturation studies on wild type E-cadherin showed two clear 
transitions for the unfolding of each domain.  This increases our confidence in the 
estimate of ΔG from the thermal denaturation studies of EC1 of E-cadherin.  The 
transition for the unfolding of the first domain of N-cadherin was not as clear on the 
thermal denaturation studies.  The transition drifted with no clear inflection points such 
that neither the intermediate nor the unfolded baselines were obvious, leading to a poor 
estimate of the global stability of the first domain.  In thermal unfolding studies of the 
isolated NCAD1 domain (data not shown), the unfolding transition is cooperative, 
indicating that N-cadherin’s EC2 affects the stability of EC1.  Variations from the two-
state model could be attributed to NCAD1 having multiple transitions in its unfolding 
profile. 
Dimerization kinetics between E-cadherin and N-cadherin have previously been 
studied and determined to be distinct14.  In this thesis, analytical SEC studies support that 
the dimerization states are, in fact, different between E-cadherin and N-cadherin in both 
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two domain and isolated domain 1.  NCAD1 was found to be in both monomer and 
dimer; whereas, ECAD1 was found to be what we believe to be exclusively monomer.  
Thus, dimerization by the isolated EC1 constructs mirrored that found in their 
corresponding 2-domain constructs.  Formation of dimer was not expected in the isolated 
EC1 constructs because dimerization is calcium dependent and isolated EC1 domains do 
not have an intact calcium binding site.  The fact that NCAD1 forms a dimer indicated 
that there is an “X-dimer” interface that lies in EC1 that orients the domains so that the 
strands can exchange and that once they exchange, disassembly is very slow.  An 
alternative explanation is that the trapped dimer is formed during purification of NCAD1 
as the N-terminal fusion peptide is cleaved by trypsin, and once formed, it is very slow to 
disassemble.  This question can be addressed with additional experiments, but is beyond 
the scope of this thesis. 
As predicted, a relatively large difference in global stability of E-cadherin and N-
cadherin was observed.  We believe that differences in kinetics of dimerization is due to 
the differences in intrinsic stabilities of the first domain.  Perhaps, future areas of study 
will shift focus from ECAD12 to ECAD1.  We will explore using a combination of 
denaturant and thermal denaturations to fully characterize the stability of ECAD1 using 
methods we have available to us in-house.  Further, we believe that differential scanning 
calorimetry might offer an advantage in that it should be able to pick up unfolding 
transitions that are not represented in spectroscopic signals. 
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